Mycobacterium tuberculosis is the causative agent of tuberculosis, a disease that affects one-third of the world's population. The sole extant vaccine for tuberculosis is the live attenuated Mycobacterium bovis bacillus Calmette-Guerin (BCG). We examined 13 representative BCG strains from around the world to ascertain their ability to express DosR-regulated dormancy antigens. These are known to be recognized by T cells of M. tuberculosis-infected individuals, especially those harboring latent infections. Differences in the expression of these antigens could be valuable for use as diagnostic markers to distinguish BCG vaccination from latent tuberculosis. We determined that all BCG strains were defective for the induction of two dormancy genes: narK2 (Rv1737c) and narX (Rv1736c). NarK2 is known to be necessary for nitrate respiration during anaerobic dormancy. Analysis of the narK2/X promoter region revealed a base substitution mutation in all tested BCG strains and M. bovis in comparison to the M. tuberculosis sequence. We also show that nitrate reduction by BCG strains during dormancy was greatly reduced compared to M. tuberculosis and varied between tested strains. Several dormancy regulon transcriptional differences were also identified among the strains, as well as variation in their growth and survival. These findings demonstrate defects in DosR regulon expression during dormancy and phenotypic variation between commonly used BCG vaccine strains.
Tuberculosis (TB) continues to have a serious impact on global health, with 8.8 million new cases reported in 2005 giving rise to 1.6 million deaths, or roughly 4,400 deaths per day. An estimated one-third of the world's population is currently infected with latent Mycobacterium tuberculosis, and ca. 10% of those will reactivate with acute disease. In addition, multidrug-resistant and extensively drug-resistant TB cases are on the rise, exacerbating the present difficulties in managing and resolving the issue (42) .
The live attenuated vaccine strain Mycobacterium bovis bacillus Calmette-Guerin (BCG) still remains the sole available vaccine for TB (3) . Despite its widespread use, clinical trials have shown that it provides variable levels of protection against pulmonary TB, the most common and contagious form of TB, with protective values ranging from 0 to 80% (10) . Part of the reason for this variability may be the genetic diversity that exists between BCG daughter vaccine strains in current usage throughout the world. Several genetic and protective studies have been performed and show variability among various vaccine strains (3, 4, 6 ). An additional problem with BCG vaccination is that its use is not free of health complications. In immunocompromised populations disseminated BCG infection may occur, albeit rarely, with high mortality rates (22) . This is becoming a greater problem with the increasing number of people coinfected with M. tuberculosis and human immunodeficiency virus (42) .
Mycobacteria are strict aerobes, but during the course of human infection they are believed to encounter a microaerobic or anaerobic environment in mature granulomas. The utilization of anaerobic respiratory pathways can help to explain the ability of M. tuberculosis to survive in low-oxygen microenvironments. M. tuberculosis is able to reduce nitrate to nitrite, using nitrate as a terminal electron acceptor in respiration; this activity dramatically increases upon entry into the anaerobic dormant state (17, 34, 38, 40, 41) . Various and sometimes conflicting results regarding the ability and temporal occurrence of nitrate reduction by BCG and M. bovis have been reported (15, 17, (31) (32) (33) (34) 41) . This may be due to different bacterial strains and culture methods used in these studies. Several genes in the mycobacterial genome encode proteins that play a role in nitrate reduction, and the most extensively studied of these systems is the narGHJI nitrate reductase operon (9) . Mutations in the promoter region of narGHJI cause differences in the ability of various mycobacterial species to reduce nitrate (32) . There is also a link between nitrate reduction and pathogenicity, shown by reduced disease and bacterial persistence when a narG-null mutant of M. tuberculosis was used to infect mice (41) .
The dormancy regulon, regulated by DosR, is expressed in response to hypoxia, nitric oxide, and carbon monoxide and is thought to be important for long-term survival in the host (20, 29, 36) . The immune response to dormancy proteins has been the subject of several recent reports, and it appears that this response has a role in the maintenance of latent M. tuberculosis infection (21, 28) . The most strongly expressed dormancy antigens were tested for immunogenicity in M. tuberculosis-infected individuals (21) and mice (28) . It was shown that these antigens are preferentially recognized by T cells from individuals with latent infection compared to TB patients with active disease (21) . Reminiscent of this finding is the reported dichotomy between a dormancy regulon protein alpha-crystallin (Acr or HspX) (11, 36) and secreted antigens such as the Ag85 complex and members of the ESAT-6 family. A strong response to Acr is most closely linked to latently infected individuals, while a strong response to Ag85 and ESAT-6 is associated with TB disease (11) . It is therefore tempting to speculate that immune responses to dormancy antigens could contribute to protective immunity against M. tuberculosis.
Differences between BCG vaccine strains with respect to reactogenicity, immunogenicity, and protective efficacy have previously been observed, but the molecular underpinning remains elusive (13) . It is conceivable that transcriptional variability among the genes of the dormancy regulon between BCG strains could cause phenotypic variability and, as a result, protective differences. To approach this, as well as to look for differences in expression that could be used as diagnostic markers for latent TB verses BCG vaccination, 13 BCG vaccine strains used around the world were assayed to determine their ability to induce the dormancy regulon. A representative subset of BCG strains was further studied for their ability to reduce nitrate and survive during anaerobic dormancy. Among the transcriptional differences observed, only two genes, narK2 and narX, were consistently not induced among all of the BCG strains and M. bovis. The function of narX is unknown, although it has been annotated as a "fused nitrate reductase" due to its homology to nitrate reductase genes in other organisms. However, a previous study showed that the ability to reduce nitrate aerobically and anaerobically is unaffected by the absence of narX (9) . In contrast, the disruption of narK2, a putative nitrate/nitrite transporter, is required to reduce nitrate anaerobically (31) .
MATERIALS AND METHODS
Strains and culture conditions. M. tuberculosis wild-type strain H37Rv, M. bovis strain AN5, and the following BCG strains were obtained from the Tuberculosis Vaccine Testing and Research Materials contract (Colorado State University). In parentheses are synonymous names for the BCG strains (3): Connaught JPG, Pasteur 140, Sweden (Gothenburg), Connaught (Toronto), Japan (Tokyo), Canada, Vietnam, Denmark, Russia, Brazil (Moreau), Tice (Chicago), Moscow, and Pasteur 133A. To initiate dormancy, cultures were grown using the Wayne anaerobic dormancy model as previously described (37, 39) . Sealed culture tubes from the model were assayed for optical density at 600 nm. A minimum of five tubes for each time point were assayed in three independent trials. For CFU assays, at least three different culture tubes from each time point were plated on Dubos Tween albumin agar (Becton Dickinson) in quadruplicate. Colonies were counted after 2 to 3 weeks of incubation at 37°C. Error bars represent the standard deviation.
Microarray analysis. M. tuberculosis oligonucleotide-based microarrays were obtained from Colorado State University. Microarray analysis and treatment of bacterial cultures for induction of the dormancy regulon were performed as previously described (36) . Briefly, bacterial strains were either exposed to 0.1 mM nitric oxide donor diethylenetriamine/nitric oxide adduct (Sigma) for 1 h or cultured for 4 h under anaerobic conditions. Anaerobic conditions were achieved by using BD BBL GasPak Plus envelopes in a sealed container. RNA was extracted from these bacterial cultures, and cDNA was prepared and labeled (36) . The data shown represent the averages of at least one anaerobic and one nitric oxide-treated experiment. Arrays were scanned with a GenePix 4000b scanner (Molecular Devices), and spot intensities were obtained by using Scanalyze (M. Eisen, Lawrence Berkeley National Laboratory). Induction ratios were determined after processing the data as previously described (36) . Microarray data are available on the NCBI Gene Expression Omnibus (http://www.ncbi.nlm .nih.gov/geo/).
Nitrate reduction assays. To enable nitrate reduction, 10 mM NaNO 3 was added to the culture medium at the beginning of the Wayne anaerobic dormancy model before the tubes were sealed. Each strain was tested for nitrate reduction by determination of the amount of nitrite present in the culture based on the Griess reaction as described previously (26) . The presence of nitrite causes a color change in the Griess reagent that can be detected via spectroscopy. Cultures were grown three separate times and assayed at the time points indicated. Error bars represent the standard deviation.
Sequence analysis. Sequence determination was conducted by the University of Colorado Cancer Center DNA Sequencing and Analysis Core. Primers were designed utilizing the FastPCR program (19) and their sequences are as follows: forward, TCCCCAAGTCGGACAAGG; and reverse, GCTGGACAGTGACA TGTC. Sequence analysis was performed by using CLUSTAL W (http://www .ebi.ac.uk/clustalw/) (8) . Sequence data for comparison and primer design was obtained from TubercuList (http://genolist.pasteur.fr/TubercuList/), BoviList (http://genolist.pasteur.fr/BoviList/), and BCGList (http://genolist.pasteur.fr /BCGList/) (9) .
Real-time PCR. Reverse transcriptase and quantitative real-time PCR were performed with gene-specific primers and probes designed using the programs FastPCR (19) and Primer3 (9) . The primer and probe sequences were as follows: sigA, forward (CCTACGCTACGTGGTGGATTCG), reverse (TTTGGCCAGC TCCTCGGGCGT), and probe (CGAGGTGATCAACAAGCTGGGC); Rv2626c, forward (CCGCGACATTGTGATCAAAG), reverse (GCTCTGAGATGACC GGAACAC), and probe (CGAACGCAAGCATCCAGGAGATGC); narX, forward (GTGCCGTATGTGACGATGAC), reverse (GGATGCCGAAATGAAA CATC), and probe (GCGCTACCGCTATGACAAAT); narK2, forward (GCT TCGTGATGCACCCTACT), reverse (TAGGTGGGCAGGTAGTTGCT), and probe (GTGACCTGGGAGATGTCGTT). Sequence data for primer design was obtained from TubercuList (9) . Real-time PCR was performed on the Cepheid SmartCycler 2. A reverse transcriptase negative reaction was used to account for signal from residual DNA, and copy numbers were normalized to the number of sigA transcripts. For each strain, RNA samples from nitric oxidetreated cultures and log-phase control cultures were analyzed. RNA used was obtained through the same extraction procedure as noted for microarray analysis. Statistical significance was determined by using an unpaired Student t test. Error bars represent the standard deviation.
RESULTS
Dormancy regulon induction profiles. We were interested in whether observable differences in gene expression existed between various BCG strains, M. bovis, and M. tuberculosis, and whether these differences could provide insight into the observed diversity in nitrate reduction, immunogenicity, and possibly vaccine protection. We specifically focused on the genes of the dormancy regulon because of their role in the immune response during latent M. tuberculosis infection. To facilitate this, microarray analysis was conducted on 13 different BCG strains, as well as M. bovis and M. tuberculosis. Bacterial cultures were exposed to either nitric oxide or hypoxia, conditions shown previously to induce the dormancy regulon (29, 36) . Examination of the expression profiles of the dormancy regulon showed differences mainly among proteins of unknown function (Table 1 and Fig. 1) . A variety of induction patterns can be observed, with some genes showing consistent expression between strains and others induced only in a few strains ( Table 1 ). The induction levels of Rv0081, Rv0573c, Rv1735c, Rv1736c, Rv1737c, Rv1998c, Rv2003c, Rv2631, Rv3126c, Rv3128c, and Rv3129 differed between strains. Overall, the induction of the regulon was comparable between the BCG strains and M. tuberculosis, with an average of 36.3 Ϯ 7 compared to 39.4, respectively.
The only genes that were consistently not induced by any of the 13 BCG strains nor by M. bovis but were induced by M. tuberculosis were Rv1736c (narX) and Rv1737c (narK2). The average BCG induction ratios for narX and narK2 were 1.0 Ϯ 0.2 and 1.2 Ϯ 0.2, respectively. In contrast, the induction ratios of these genes for M. tuberculosis were 27 and 39. As a result, further analysis of the expression and function of these genes was pursued.
Several dormancy genes (Rv1734c, Rv1735c, Rv1998c, Rv3128c, and Rv3129c) did not show significant induction in any of the BCG strains or M. tuberculosis. This conflicts with the previously published list of genes included in the dormancy regulon (36) . However, it is likely this finding is a result of low level of induction of some of the genes and variability between micorarray platforms used in the different studies.
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berculosis, M. bovis, and two representative BCG strains (Connaught JPG and Pasteur 140) were assayed. RNA samples were obtained from cultures treated with a nitric oxide donor to induce the dormancy regulon (36) and were compared to RNA from cultures grown in the absence of nitric oxide. An additional dormancy gene, Rv2626c, was monitored as a control for induction of the dormancy regulon and was selected based on microarray data showing that it was highly induced by nitric oxide in all strains investigated. Rv2626c transcript levels were induced ϳ1,000-fold in all four strains (Fig. 1) , confirming that in general the dormancy regulon is induced when stimulated with nitric oxide. In contrast, M. bovis and the two BCG strains were not able to induce narK2 or narX in the presence of nitric oxide, whereas M. tuberculosis induced narK2 and narX 270-and 800-fold, respectively. The differences between expression levels were statistically significant, as determined by using the Student t test. P values between the expression levels of M. tuberculosis and the various other strains were 0.03 and 0.05 for narX and narK2, respectively. These data are consistent with the microarray data.
Nitrate reduction ability. Previous studies that document the ability of M. bovis and BCG to reduce nitrate have been inconsistent as a result of differences in the strains tested, culture conditions used, and the experiment time frame (15, 17, (31) (32) (33) (34) 41) . We compared six BCG strains, M. tuberculosis, and M. bovis to determine whether their ability to reduce nitrate under dormancy conditions, simulated by the Wayne anaerobic dormancy model (37, 39) , correlated with the microarray expression data. By day 4 of the dormancy model, at which point oxygen has become limiting, M. tuberculosis had already reduced a significant amount of nitrate, shown by the presence of ϳ40 M nitrite in the medium (Table 2) . Nitrate continued to be reduced rapidly until day 8, after which point nitrate reduction began to slow. Between days 8 and 12 the rate of reduction dropped significantly. This drop indicates a decrease in nitrate reduction performed by NarGHJI with transport via NarK2 under the hypoxic conditions (31, 32) . M. bovis and the six BCG strains vary in their ability to reduce nitrate, although all of them exhibit much lower levels than M. tuberculosis. The low level or absence of nitrate reduction by M. bovis and the BCG strains is likely a result of defects in expression of the NarGHJI (32, 33) and NarK2 proteins. NarK2 is involved since it is required for transport of nitrate during anaerobic dormancy (31) . It is interesting that M. bovis, BCG Pasteur 140, and BCG Russia appear to slowly reduce nitrate, despite the lack of induction of narK2/X. The ability to reduce even small amounts of nitrate by these strains may be a result of a basal level of expression of narK2 in the absence of DosRmediated induction.
Promoter sequence variation. We investigated whether the observed differences in expression of narK2/X were attributable to dissimilarities in promoter regions, as has been shown with other mycobacterial nitrate reductases (33) . narK2 and narX are adjacent in the genome, with narX beginning where narK2 ends. To examine the promoter, we determined the sequence of 500 bases upstream of narK2 in all of the 13 previously mentioned BCG strains, as well as M. bovis and M. tuberculosis. For all of the strains the entire 500-bp segment was identical with only one exception: at positions Ϫ16 and Ϫ17 upstream of the start site of narK2 (Fig. 2) . This was also true for sequences examined for BCG Pasteur 1173P2, M. bovis, and M. tuberculosis H37Rv obtained from BCGList, BoviList, and TubercuList, respectively. All of the sequences from the 13 BCG strains, as well as M. bovis, have CT at positions Ϫ17 and Ϫ16, respectively, whereas the M. tuberculosis sequence is TT.
Growth behavior. To determine whether the transcriptional variation between strains seen by microarray analysis would generate observable phenotypic growth and survival differences, M. tuberculosis, M. bovis, and six BCG strains were observed under the anaerobic dormancy conditions (23, 37, 39) . The six BCG strains used were selected for further experimentation based on dormancy regulon transcriptional differences, with selected strains containing the most widely divergent profiles. Growth and survival were assayed by two methods: optical density and CFU. A variety of behaviors were observed (Fig. 3) .
CFU varied between strains and time points (Fig. 3A) . Some strains appeared to show a slow decline throughout the model (M. bovis, BCG Pasteur 140), some remained fairly static after day 8 (BCG Vietnam, BCG Canada), and the remainder appeared to slowly maintain growth through day 20. Adaptation to the depleting levels of oxygen was undertaken with various levels of success by the different strains, reflected in the shifts in their CFU at later time points in the model. Within the divergence observed by optical density (Fig. 3B ) two general trends occurred: either a steady increase, followed by a drop or stabilization (M. tuberculosis, M. bovis, and BCG Pasteur 140), or a slower overall increase throughout the experiment. Interestingly, the strains that follow the first pattern also reduced nitrate at some level. The changes in optical density of BCG strains during anaerobic dormancy are not solely attributable to bacterial numbers; divergence between the CFU and OD is readily apparent and differs between strains.
DISCUSSION
A variety of transcriptional and phenotypic differences were found among the mycobacterial strains assayed during in vitro induced anaerobic dormancy. It is likely that these differences would also be recapitulated in vivo during conditions in which the dormancy regulon is induced. It is interesting that narK2 and narX were the only dormancy genes not induced by all of the BCG strains, which may be indicative of either a selective advantage provided by their lack of transcription or a lack of selective pressure for their maintenance. Phenotypically, this transcriptional defect would be observed by their inability to reduce nitrate under hypoxic conditions, caused by a lack of nitrate transport via NarK2 (30, 31) ; however, the function of NarX is unknown (18, 31) . With regard to the other transcriptional differences between strains, the functions of many of the genes are currently not known. It is tempting to speculate that defects in dormancy regulon expression may alter the bacterium's ability to survive in the host for long periods of time and thus extend antigen exposure, ultimately affecting the level of (17) . Throughout the 500-bp upstream region of the narK2/X promoter the sequences are identical in all 13 strains with the exception of one area. These differences are significant because they provide a feasible explanation for the lack of induction of narK2/X by the BCG strains examined in the present study. This conflicts with a report by Hutter and Dick in which they demonstrate the induction of narK2/X by BCG Pasteur ATCC 35734 under hypoxic conditions (17, 18) . Hutter and Dick also observed nitrate reduction and narK2 expression that more closely matches that of M. tuberculosis. The bases at positions Ϫ17 and Ϫ16 upstream of the start site of narK2 are TT in M. tuberculosis and TC in M. bovis and our 13 BCG strains; however, the sequence is CT in the Hutter and Dick BCG strain (17) . The Ϫ17 and Ϫ16 bases are not part of the DosR operator (9, 14, 27) but are within the area of the extended Ϫ10 promoter motif, shown to be important in transcription in other bacteria, as well as mycobacteria (5, 24, 35) . The Hutter and Dick promoter sequence appears to be an inversion of our BCG promoter sequence from TC to CT. The native M. tuberculosis sequence is TT for these bases; thus, it appears that their BCG promoter has restored the M. tuberculosis T at position Ϫ16, which is the preferred base for position Ϫ16 of extended Ϫ10 motif promoters (24, 35) . Since the Ϫ17 and Ϫ16 bases encompass the only promoter variation among all promoters, it is likely that these bases are responsible for the observed expression differences. Future studies are needed to confirm that the position Ϫ16 T is essential for induction from the narK2 promoter.
Improved diagnostic methods for TB would aid in the surveillance and treatment of disease. Routine tests currently utilized have various limitations associated with them (25) . Specifically, tests for the identification and differentiation of active and latent TB and the avoidance of confounding results due to cross-reactivity to BCG vaccination or nontuberculous mycobacteria have been lacking (1, 2, 25) . Gamma interferon release assays have been evaluated clinically and appear to address many of these issues, and kits are currently commercially available (QuantiFERON-TB or QFT [Cellestis, Ltd.], T-SPOT.TB [Oxford Immunotec]) (12, 25) . Although these tests differentiate between BCG vaccination and TB infection, they may underdiagnose latent infection, perhaps because they depend on antigens (ESAT-6 and CFP-10) that may not be highly expressed during latent infection (7, 16 ). NarX and NarK2 are possible candidates for additional immunodiagnostic antigens. They are not expressed by BCG and are expressed by M. tuberculosis during dormancy; therefore, it seems possible that they could be used to discern latent infection, even in individuals who have been vaccinated with BCG. This possibility is further strengthened by the observation that both antigens have been shown to be immunogenic since they are recognized by the T cells of TB-exposed individuals (M. R. Klein, unpublished studies).
